Introduction
============

Bone has natural electrical properties such as piezoelectricity, discovered in 1950.[@b1-ijn-9-167] These properties create an endogenous electrical field in response to strains that alter cell proliferation.[@b2-ijn-9-167] That can explain why external electric and electromagnetic stimulation have progressive influence in bone healing treatment.[@b3-ijn-9-167]--[@b5-ijn-9-167] It was shown that such stimulations modify osteoblast activities including adhesion, proliferation,[@b6-ijn-9-167] nodule formation,[@b7-ijn-9-167] gene expression,[@b8-ijn-9-167] protein synthesis,[@b9-ijn-9-167] and bone formation markers.[@b6-ijn-9-167],[@b10-ijn-9-167],[@b11-ijn-9-167]

Ongoing studies in three-dimensional (3D) scaffolds designed for bone tissue engineering are mostly focused on improving the characteristics of the scaffolds in regard to their chemical and mechanical properties.[@b12-ijn-9-167]--[@b14-ijn-9-167] In order to combine the tissue engineering techniques with the idea of enhancing the bone healing by electrical stimuli, the electrical property of the scaffolds needs to be adjusted, which was the aim of this paper. The electrical conductivity of the scaffold can be a key property for the local delivery of applied electrical stimuli. To improve the conductivity of the scaffolds, compositions of biocompatible conductive polymer (CP) were employed.

Since the 1980s, CPs with acceptable biocompatibility have been used in various biomedical applications.[@b15-ijn-9-167] CPs mediate electrical stimulation and have the potential to be the stimulating factor that promotes bone regeneration. Previous reports show that the addition of CP can improve the mechanical strength and the biodegradability[@b16-ijn-9-167] of scaffolds as well as their in vitro biocompatibility.[@b17-ijn-9-167] Although some investigations have been performed recently for producing conductive two-dimensional substrates,[@b6-ijn-9-167],[@b11-ijn-9-167],[@b18-ijn-9-167],[@b19-ijn-9-167] composite,[@b20-ijn-9-167] and copolymer[@b21-ijn-9-167] for bone tissue engineering, to the best of the authors' knowledge, the application of CPs in a porous 3D bone tissue scaffold has not been reported.

Poly(3,4-ethylenedioxythiophene) (PEDOT) is a biocompatible CP which is recently being employed in biomedical applications,[@b22-ijn-9-167] especially in nerve tissue engineering.[@b23-ijn-9-167] To gain a water soluble polyelectrolyte system with good film-forming properties, PEDOT is doped with poly(4-styrenesulfonate) (PSS).[@b24-ijn-9-167] This copolymer has a moderate band gap and good stability in the doping state.[@b25-ijn-9-167]

In this study, a new class of bone scaffolds is presented by employing PEDOT:PSS, gelatin (Gel), and bioactive glass nanoparticles (BaG), making a composite of a CP, polypeptide, and ceramic. Gel is a natural polymer with high biocompatibility and biodegradability, which is widely used in tissue engineering scaffolds.[@b26-ijn-9-167],[@b27-ijn-9-167] BaG are biocompatible, osteoconductive, osteoproductive,[@b28-ijn-9-167] and capable of bonding with natural bone tissue.[@b29-ijn-9-167] The ingredients of Gel and BaG composite mimic the natural organic and mineral constituents of bone, which are collagen fibers and hydroxyapatite crystals.[@b30-ijn-9-167] In a recent investigation, the optimized composition of BaG and Gel for bone tissue scaffolds was reported to be 30:10 (weight percent \[wt%\] in the stock solution).[@b31-ijn-9-167] In this study, 0.1%--0.3% of PEDOT:PSS was added to this optimized value. The results indicate that by increasing PEDOT:PSS, conductivity, cell viability, and mechanical properties were enhanced. The scaffolds were fully characterized using Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), ^1^H nuclear magnetic resonance (NMR), and swelling, degradation, and porosity measurements as well as differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA). The morphology of the scaffolds and adult human mesenchymal stem cells (hMSC) cultured on the scaffolds were studied using scanning electron microscopy (SEM), micro-computed tomography, and confocal fluorescent microscopy.

Material and methods
====================

Materials
---------

PEDOT:PSS (1.3 wt% dispersion in water, PEDOT content 0.5 wt%, PSS content 0.8 wt%, conductive grade), BioReagent Gel (from porcine skin, Type A), phosphate buffered saline (PBS) tablets, tetraethyl orthosilicate (C~8~H~20~O~4~Si), calcium nitrate (Ca\[NO~3~\]~2~ ⋅ 4H~2~O), triethyl phosphate (C~6~H~15~O~4~P), and 0.1 M nitric acid (HNO~3~) were purchased from Sigma-Aldrich (St Louis, MO, USA). The crosslinker 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride was purchased from Acros Organics (Geel, Belgium), and N-hydroxysuccinimide (C~4~H~5~ NO~3~) was purchased from Alfa Aesar (Ward Hill, MA, USA). All other materials were reagent grade.

Preparation of the nanocomposite conductive scaffolds
-----------------------------------------------------

The sol--gel prepared BaG consisting of silicone dioxide (SiO~2~)--phosphorus pentoxide (P~2~O~5~)--calcium oxide (CaO) (64% SiO~2~, 5% P~2~O~5~, and 31% CaO) (based on mole percentage) was synthesized employing the previously reported method.[@b32-ijn-9-167] To obtain a solution of 10% (w/v) Gel, 30% (w/v) BaG, and 0%, 0.1%, and 0.3% (w/w) PEDOT:PSS, the following procedure was performed: Gel and BaG was dissolved in deionized water (10 g Gel and 30 g BaG in 100 mL water). Then PEDOT:PSS was added to the mixture in the amount of 0.1%--0.3% of the total mass of the solution ([Table 1](#t1-ijn-9-167){ref-type="table"}). The mixtures were homogenized and degassed by vortexing for 5 minutes and centrifugation (Uni Cyclone UM113; JAPAN UNIX CO., Tokyo, Japan) at 2,000 rpm for 30 minutes.

Prepared conductive nanocomposites were molded and frozen at −20°C for 6 hours. Then they were freeze-dried at −50°C and 1.8 mbar (Labconco, Kansas City, MO, USA) for 24 hours to obtain a porous scaffold. The scaffolds prepared from 0%, 0.1%, and 0.3% (w/w) PEDOT:PSS in the mixture of 10% (w/v) Gel and 30% (w/v) BaG were labeled 0 P, 0.1 P, and 0.3 P, respectively.

Crosslinking
------------

To gain higher mechanical strength and degradation resistance, the scaffolds were crosslinked by soaking in 50 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride/8 mM N-hydroxysuccinimide/95% alcohol crosslinking solution at 4°C for 48 hours. During the cross-linking of Gel, carbodiimide is a condensation agent used between carboxyl groups and active amine groups to make stable amide bonds.[@b33-ijn-9-167] To remove the residual crosslinks, the scaffolds were sonicated in deionized water for 30 seconds and washed with deionized water three times. [Figure 1](#f1-ijn-9-167){ref-type="fig"} shows the schematic diagram of preparation of the 3D conductive scaffolds.

Sample characterization
-----------------------

### Fourier transform infrared spectroscopy

To analyze the chemical bonding and functional groups, the samples were investigated by FTIR spectroscopy using a Varian 780 IR (Agilent Technologies, Santa Clara, CA, USA). For IR analysis, 1 mg of the ground samples were mixed with 3 mg potassium bromide and analyzed by diffusive powder method in the range of 500--4,000 cm^−1^ with a resolution of 4 cm^−1^ and an average of 40 scans.

### Nuclear magnetic resonance

^1^H high-resolution magic angle spinning (HR-MAS) spectra were taken on a 600 MHz Varian Inova NMR spectrometer (Agilent). An Agilent solid-state HXY 3.2 mm MAS probe was used. The probe was tuned to ^1^H/[@b13-ijn-9-167]C/2H, and the [@b2-ijn-9-167]H channel was used for locking. 0 P and 0.3 P scaffolds soaked in heavy water (D~2~O) were cut with a punch to the inner diameter of the rotor. Several punched pieces were placed firmly in the sample region of a rotor with silicone disc and O-ring spacers for liquid containment obtained from Revolution NMR, LLC (Fort Collins, CO, USA). The spinning speed of the rotor was adjusted to 5±0.2 kHz. ^1^H HR-MAS one-pulse spectra of the gels were taken with a 90 degree pulse of 4.5 μseconds delay between scans of 2 seconds, and 128 scans, while controlling the temperature at 25°C. The water peak at 4.79 ppm was used as reference. Data were transformed and plotted using the MestReNova program from Mestrelab Research (Santiago de Compostela, Spain).

### X-ray diffraction

XRD analysis on the scaffolds was accomplished employing a Bruker D8 Discover system (Bruker Corporation, Billerica, MA, USA) to identify the diffraction pattern of the scaffolds. This instrument uses copper Kα radiation (λ=1.54056 Å) and works with voltage of 40 kV and current settings of 40 mA. XRD diagrams were recorded for 20≤ 2θ ≤70.

### Morphological and microstructure analysis

The morphology and microstructure of the scaffolds were observed via SEM. To see the cross section view of the scaffolds, they were cut using a double edge razor blade. The scaffolds were gold coated by sputtering (SPI Module™ Sputter Coater; Structure Probe, Inc, West Chester, PA, USA), and then were structurally evaluated by performing SEM using a Hitachi S-4800 (Hitachi Ltd, Tokyo, Japan) with voltage and amperage of 20 kV and 2 μA. The pore sizes of the scaffolds were measured by analyzing SEM micrographs employing ImageJ software (Sun Microsystems, Inc., Santa Clara, CA, USA).

To observe the 3D structure of the scaffolds, micro-computed tomography imaging was employed. Scaffolds were scanned (SCANCO Medical AG, Brütisellen, Switzerland) at a resolution of 2,048 × 2,048 pixels or 6 μm thick slices. Semi-automated contours were placed so that the total structure of the scaffold could be visualized. Following reconstruction, 3D images of the scaffolds were generated.

The 3D images of cells on scaffolds were collected using a confocal microscope (Leica TCS SPE; Leica Microsystems, Wetzlar, Germany). HCX PL APO CS 20.0 × 0.70 DRY UV objective was employed and the laser beam was activated for 488 nm wavelength excitation. Fluorescent image stacks of cytoplasmic carboxyfluorescein diacetate succinimidyl ester (CFDA-SE) at 517 nm emission along the z-axis were collected at a step size of 1 μm. The observed thickness of the z-axis was 100 μm. The format of images was adjusted at 512 × 512 with a speed of 400 Hz, zoom factor of 1.5, frame average of one, accuracy of one, and a gain of 900 V. Leica Application Suite Advanced Fluorescence (LAS AF) software version 2.6 (Leica Microsystems) was used for image processing.

Obtained micrometer scale images showed the morphology of the different scaffolds, the average size of pores and quality of cell attachment on the structure of the scaffold.

### Swelling measurement

The water uptake or swelling analysis was performed on five specimens of each scaffold (diameter 9 mm, thickness 2 mm, and mass \~50 mg). After measuring the dry weight of test specimens (W~d~), they were immersed in PBS (pH =7.4) at a constant temperature (37°C) for predetermined time intervals, and wet weights (W~w~) were determined at these time intervals after removing excess surface water by tissue paper. The swelling ratios (S) of the specimens were calculated using the following equation:
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### Degradation measurement

In vitro biodegradation of scaffolds was analyzed by incubating the scaffolds in an enzymatic solution of 0.1 mg/mL collagenase in PBS and measuring their weight loss at different incubation times. The scaffolds were cut to three specimens with 30 mg weight (W~a~). They were sterilized in 70% ethanol for 15 minutes and washed three times with sterile PBS. Then they were immersed in 25 mL of the enzymatic solution. At predetermined time intervals, the scaffolds were removed from the solution and were dried in a vacuum to measure the residual weight (W~b~). The weight loss or degradation rate was calculated using the following equation:
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Weight loss is a measure of scaffold degradation and indicates the weight of materials left in the bulk of the scaffolds compared to its original mass. For example, 50% weight loss means only half of the original mass of the scaffold remains in the bulk scaffold; 100% degradation indicates the complete collapse of the scaffold.

### Porosity measurement

The porosity of scaffolds was determined by the ethanol replacement method.[@b34-ijn-9-167] Three specimens of each scaffold were chopped in a cylindrical shape with radius and thickness of 4.5 mm and 2.0 mm, respectively. After measuring their initial weight, the scaffolds were immersed in 20 mL ethanol and subsequently treated with an evacuation--repressurization system until no more bubbles came out of the specimens. The ethanol-absorbed specimens were weighed after wiping with tissue paper. The porosity of scaffolds was calculated using the following equation:
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where W~w~ is the weight of ethanol-absorbed scaffolds, W~d~ is the weight of dry scaffolds, ρ~et~ is ethanol density, R is the radius, and T is the thickness of the scaffolds.

### Cell culture

Adult hMSC were purchased from Lonza Walkersville, Inc (Walkersville, MD, USA) and cultured in mesenchymal stem cell basal medium (MSCGM™; Lonza Walkersville, Inc) with other supplements as recommended via protocol (Lonza Walkersville, Inc). Cells were incubated at 37°C and 5% carbon dioxide/95% air atmosphere and medium was exchanged every 3--4 days. Cultures proliferated normally in the manner of size, shape, and confluency. Upon confluency, the cells were removed from the plate with Clonetics™ trypsin/ethylenediaminetetraacetic acid (Lonza Walkersville, Inc). Cells then underwent centrifugation at 300 g for five minutes and were suspended in growth medium. Viable cell counting was conducted using Trypan blue dye exclusion assay. Next, the cells were stained using an amine-reactive, colorless, nonfluorescent dye that diffuses into the cytoplasm of cells, 5-(and-6)-CFDA-SE mixed isomers obtained from Life Technologies (Carlsbad, CA, USA).

All scaffolds were sterilized under ultraviolet for 24 hours in a laminar hood and placed in a 24-well plate precoated with bovine serum albumin to minimize direct attachment of cells to the plate. Quadruplicate samples were used for each condition. Then, 1 × 10^4^ cells were seeded onto a tissue culture plastic surface and each scaffold for viability analysis and 2 × 10^4^ cells were seeded for microscopy samples. To achieve a uniform distribution of cells in four scaffolds, a concentrated (500,000 cells/mL) cell suspension was placed at different locations on each scaffold and allowed to attach for 30 minutes prior to adding growth medium. After 1 day, cell-containing scaffolds were fixed in 3.7% formaldehyde for 30 minutes at room temperature.

Scaffolds were also dehydrated using ethanol followed by a brief vacuum drying. Scaffolds were sputter coated with gold at 20 mA prior to observation under SEM.

### Quantification of cell viability

Cell viability after 1 day was assessed by two approaches. First, 100 μL spent media collected on that day were used to analyze cell viability indirectly. Second, scaffolds containing cells were washed in MSCGM, and cytoplasmic CFDA-SE stain was extracted from live cells by three cycles of repeated freezing and thawing. CFDA-SE content in the spent medium and the cytoplasm were assessed by fluorescence intensity in Gemini XS spectrofluorometer (Molecular Devices LLC, Sunnyvale, CA, USA) at excitation and emission wavelengths of 485 nm and 525 nm, respectively. Fluorescence intensity of the tissue culture plastic was used as a control.

### Thermal analyses

Thermal properties of pure Gel and 0 P and 0.3 P scaffolds were analyzed by TGA and DSC analyses in order to identify any thermal events like decomposition and residual weight of the material. About 15 mg of the ground, dried samples in an alumina crucible were analyzed with STA 449 F1 Jupiter® (NETZSCH-Gerätebau GmbH, Selb, Germany) at a heating rate of 5 K/minute from 25°C to 600°C.

### Conductivity measurement

Conductivity of the scaffolds was measured using a 2100 Digital Multimeter (Keithley Instruments, Inc, Cleveland, OH, USA). Two steel blades were planted on a nonconductive substrate with 1 mm distance from each other. Hydrated scaffolds with a thickness of 1 mm and a diameter of 9 mm were placed inside the vacant space between the two blades. Resistance measurement (R) was carried out ten times for three specimens of each sample and the conductivity (δ) was calculated by Pouillet's law equation:
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where L is thickness, D is diameter, and A is the surface area of samples, A = π × (D/2)[@b2-ijn-9-167].

### Mechanical analysis

The stiffness of composite scaffolds was characterized by performing compressive experiments using a rheometer (DHR-2; TA Instruments, New Castle, DE) with normal force accuracy of 5 mN and displacement precision of 1 μm. A 7/32 inch (\~5.55 mm) trephine was used to obtain circular disks from a sheet of PEDOT:PSS scaffolds. The specimens were soaked in PBS solution for about 10--12 hours before mechanical tests. The scaffold dimensions were measured with a digital caliper. The submersion chamber of the rheometer was filled with the PBS solution and the scaffolds were compressed between top and bottom loading plates. The compressive stress was calculated by dividing the recorded force by the initial area of specimens. The stress--strain curve was plotted and the secant compressive modulus E was calculated. Three samples for each group were tested, and mean and standard deviation of the measurements were reported.

Results
=======

Fourier transform infrared spectroscopy analysis
------------------------------------------------

The chemical structure of the PEDOT:PSS is depicted in [Figure 2A](#f2-ijn-9-167){ref-type="fig"}. [Figure 2B](#f2-ijn-9-167){ref-type="fig"} compares the FTIR spectra of noncrosslinked Gel and 0 P and 0.3 P scaffolds. Gel is characterized with amide peaks (N--H bond deformation for amide II at 1,540, C=O stretch for amide I at 1,680, C--H stretch for amide B at 2,975 and N--H stretch for amide A at 3,320). It is suspected that more intense peaks of amide bonds for cross-linked samples might be a sign of bond formation between amine and carboxylic groups which form the bridge bonds. The addition of BaG to Gel shows two peaks for silicon oxide network at 1,050 cm^−1^ and 790 cm^−1^, which are assigned to Si--O--Si symmetric stretching and symmetric stretching of bridging oxygen between tetrahedrons of the Si--O network, respectively.[@b28-ijn-9-167] Due to the low concentration of PEDOT:PSS, the IR absorption of the sulfonic acid group of PSS at 1,225 cm^−1^, ethylenedioxy group stretching vibration at 1,053 cm^−1^, C--S stretching at 935 cm^−1^ and 836 cm^−1^, C--S--C deformation at 692 cm^−1^, C--O--C stretching at 1,090 cm^−1^ and 1,234 cm^−1^, and the C--C and C=C stretching of the quinoidal structure at 1,360 cm^−1^ of PEDOT are completely covered by broad absorption of the Si--O network of BaG nanoparticles.[@b35-ijn-9-167],[@b36-ijn-9-167] The FTIR spectrum of the 0.1 P scaffold was similar to that of the 0.3 P scaffold.

^1^H nuclear magnetic resonance spectra analysis
------------------------------------------------

The ^1^H HR-MAS NMR spectra of hydrated nonconductive and conductive scaffolds (0 P and 0.3 P) obtained to evaluate the molecular interaction between PEDOT:PSS and Gel polymer chains are shown in [Figure 3](#f3-ijn-9-167){ref-type="fig"}. Lower amplitude was observed for most of the Gel resonances in the 0.3 P scaffold compared to the 0 P scaffold, while the resonance of water had greater intensity for the 0.3 P scaffold (not shown in [Figure 3](#f3-ijn-9-167){ref-type="fig"} due to the scale). These observations are most likely related, with the increased amount of water in the 0.3 P scaffold corresponding to an effective dilution of the Gel resonances. Since a variable amount of water could have been associated with each scaffold by the method of packing, these differences were not considered significant. The one notable difference between the two spectra is that the relative peak heights of the best-resolved side chain resonances arginine δ, lysine ε, and aspartate β differ, with the arginine δ intensity lower than the lysine ε intensity in the spectrum for the 0.3 P scaffold.

The increase of water peak height by having PEDOT:PSS could be related to the hydrophilic nature of the scaffolds.

It may be concluded that by having PEDOT:PSS in the scaffold composition, more bonds are involved in the structure of the composite. This increases the stability of the scaffolds and decreases the height of some of the main NMR peaks. Other experimental results, such as degradation analysis and mechanical property measurement are in line with this hypothesis.

X-ray diffraction analysis
--------------------------

The XRD patterns of scaffolds ([Figure 4](#f4-ijn-9-167){ref-type="fig"}) did not show any diffraction peaks, indicating the disorder and glassy nature of BaG used in the conductive scaffolds and no crystallization in the BaG/Gel PEDOT:PSS nanocomposite.

Structural and pore size analysis
---------------------------------

The porosity and pore size of scaffolds are shown in [Table 2](#t2-ijn-9-167){ref-type="table"}. The porosity percent was approximately 60% with a slight increase due to the presence of PEDOT:PSS in the composite. The average pore size decreased from 200 μm for 0 P to 110 μm and 160 μm for 0.1 P and 0.3 P, respectively.

Micro-computed tomography 3D imaging and SEM observation from the top view in high and low magnification was carried out to study the morphology of the scaffolds in 3D ([Figure 5](#f5-ijn-9-167){ref-type="fig"}). The observations showed an interconnected network of spherical pores with high porosity for all scaffolds. The presence of PEDOT:PSS decreased the pore size in the 0.1 P scaffold in comparison with the 0 P scaffold. However, higher concentration of PEDOT:PSS led to an increase of the pore size in 0.3 P compared to the 0.1 P scaffold.

Cell viability and attachment
-----------------------------

Viability of hMSC on various structures was evaluated using CFDA-SE stain present in the cytoplasm after 1 day of seeding. Previously, the authors have shown that viability can be accurately assessed by prestaining the cells with CFDA-SE and measuring the cytoplasmic content at a predetermined time.[@b37-ijn-9-167] Also, cell division could be tracked using CFDA-SE and flow cytometry. Cytoplasmic content depicts the viable cells present in the scaffolds. Based on the same concept, the cytoplasmic content collected from the freeze thaw cycle was measured for CFDA-SE content. [Figure 6A](#f6-ijn-9-167){ref-type="fig"} shows an increase in the number of viable cells in all of the scaffolds in comparison to the tissue culture plastic. The viability results also indicate enhancement in the cell attachment and viability with an increase in the concentration of PEDOT:PSS.

To observe cell morphology on the scaffolds, SEM and confocal fluorescent microscopy were employed. These results showed that cells on the scaffolds exhibited stretched shapes in all the scaffolds ([Figure 6B](#f6-ijn-9-167){ref-type="fig"} and [E](#f6-ijn-9-167){ref-type="fig"}). Furthermore, the hMSC were uniformly spread on the scaffolds ([Figure 6D](#f6-ijn-9-167){ref-type="fig"} and [E](#f6-ijn-9-167){ref-type="fig"}). Cells showed numerous lamellipodia and filopodia with anchorage points to the conductive scaffold.

Thermal analysis
----------------

TGA and DSC thermoanalytical techniques were employed to assess the thermal characteristics of the composite. TGA and DSC plots are depicted in [Figure 7](#f7-ijn-9-167){ref-type="fig"} and critical points are marked. These plots show four thermal stages. The first stage is related to the loss of water between 25°C--160°C. Water constituted approximately 3 wt% of the composite and the endothermic peak initiated at 80°C confirms the energy absorption of water evaporation. The second stage is Gel decomposition, in which an endothermic peak started at 200°C and weight loss occurred between 250°C--300°C (\~4% weight loss). Passing 300°C, the third stage showed up by a sudden decrease in the slope of the DSC curve due to a consumption of energy, which seems to be related to the endothermic pyrolysis reaction of polypeptide. In the fourth stage, the exothermic peak of the oxidative degradation of Gel occurred at 360°C. This oxidation can be due to the reaction of Gel with the atmospheric oxygen trapped in the pores of the scaffold. A small shift for all the peaks in 0.3 P compared to 0 P is also observable in the plot.

Swelling behavior and in vitro enzyme degradation analysis
----------------------------------------------------------

Swelling behavior and degradation results of the scaffolds are pictured in [Figure 8](#f8-ijn-9-167){ref-type="fig"}. Final swelling percentages of the scaffolds varied in the range of 200--240 wt%. No significant change was observed in the swelling behavior of the different scaffolds. Meanwhile, the volume of scaffolds did not change during swelling.

The degradation of scaffolds was investigated in the collagenase enzymatic solution. The degradation result demonstrated that incorporation of PEDOT:PSS highly influences the degradation behavior of the scaffolds. The presence of PEDOT:PSS enhanced the stability and biodegradation resistance of the scaffolds. While the scaffolds without PEDOT:PSS content were completely degraded in 10 days, the scaffolds with a small percentage of PEDOT:PSS were degraded less than 40% in 90 days.

Electrical properties of BaG/Gel PEDOT:PSS scaffolds
----------------------------------------------------

The conductivity of hydrated BaG/Gel/PEDOT:PSS scaffolds is shown in [Figure 9](#f9-ijn-9-167){ref-type="fig"}. The conductivity increased with addition of PEDOT:PSS to the BaG/Gel composite up to 170 μS/m for the 0.3 P scaffold.

Mechanical properties
---------------------

[Table 3](#t3-ijn-9-167){ref-type="table"} presents the secant compressive modulus of the scaffolds obtained by mechanical compression testing. As can be seen in this table, the average elastic modulus in immersed condition was within 13--35 MPa and increased by increasing the percentage of PEDOT:PSS. [Table 3](#t3-ijn-9-167){ref-type="table"} also compares mechanical properties of BaG/Gel/PEDOT:PSS nanocomposites with those of the spongy bone.

Discussion
==========

The objective of this study was to fabricate a conductive scaffold for bone tissue engineering. The ultimate purpose of making conductive scaffolds is applying effective electrical/magnetic stimuli during bone healing using tissue engineering techniques. As the first step to reach this goal, the authors made the conductive scaffolds by including PEDOT:PSS CP in the composition of BaG/Gel scaffolds that were optimized previously.[@b31-ijn-9-167] It was realized that the addition of PEDOT:PSS can improve various characteristics of the scaffolds including physiochemical stability, mechanical strength, and cell attachment.

Since the amount of PEDOT:PSS is significantly smaller than the amount of Gel in the scaffolds and also in the stock aqueous PEDOT:PSS solution, PEDOT must associate strongly with PSS to make it water soluble,[@b24-ijn-9-167],[@b38-ijn-9-167] it may be concluded that grains of PEDOT:PSS were distributed through the BaG/Gel matrix. The PEDOT chains are isolated by PSS chains making a homogenous conductive core in the grains.[@b38-ijn-9-167]--[@b40-ijn-9-167] Since the hydrophilic PSS shell is on the outside of a grain, it interacts most closely with the surrounding Gel.

Incorporation of PEDOT:PSS in the composition of the BaG/Gel scaffold increased the chemical stability of the composite. Degradation analysis showed that incorporation of PEDOT:PSS improves the biodegradability resistance of the composite. These results can be related to the chemical stability in the structure of the scaffolds containing PEDOT:PSS. As another outcome of such stability, the mechanical properties (both the secant modulus and the specific secant modulus) were improved by increasing PEDOT:PSS. These results are in agreement with previous studies on biomolecules and CPs in different contexts, which indicated that functional groups of CPs and their dopants led to binding of polypeptides, immobilization of biomolecules, and protein stabilization.[@b23-ijn-9-167]

Lysine and arginine side chains of the Gel polypeptide contain ammonium and guanidinium groups, respectively. Due to the high pK~a~ of these groups (arginine pK~a~\~12; lysine pK~a~\~10.5), the lone pair electrons of nitrogen are normally protonated by H^+^. Positive protonated amine could electrostatically attract the negatively charged sulfonate groups of PSS, allowing the formation of salt bridges with hydrogen bonds. Since two N--H groups of the guanidinium can simultaneously form hydrogen bonds with two oxygen atoms of the sulfonate,[@b41-ijn-9-167],[@b42-ijn-9-167] the arginine--guanidinium group can form stronger bonds with sulfonate than the lysine ammonium group. Also, as the pK~a~ for arginine is higher than that of lysine, there is more probability for this side chain to stay in the protonated state and form salt bridges with negatively charged sulfonate in the CP. The ^1^H HR-MAS NMR spectra showed a greater decrease for the arginine δ than for the lysine ε proton peak amplitude in 0.3 P, suggesting that the side chain of arginine experiences a decrease in flexibility and so has greater tendency to form a salt bridge with a sulfonate group than does the lysine side chain. Thus, the NMR spectra may propose that the polymer chains of the outer PSS molecules of PEDOT:PSS grains are in close contact with the polypeptide, at least in some arginine residues.

As shown in [Figure 9](#f9-ijn-9-167){ref-type="fig"}, increase in the PEDOT:PSS concentration in the scaffold resulted in an increase in the conductivity from 100 μS/m for the 0 P scaffold to 170 μS/m for the 0.3 P scaffold. This 70% increase in the conductivity can be due to the charge carrier (hole) motion in the PEDOT:PSS grains that are dispersed in the structure of the conductive scaffolds.

The conductive scaffolds are bioactive and may enhance cell metabolism. According to the cell viability experiments, an increase in the cytoplasmic content of the cells on the conductive scaffolds suggests that they are suitable for cell attachment and proliferation. Enhanced extracellular matrix traces were reproducibly observed in the conductive scaffolds indicating that hMSC cells were highly active on the conductive scaffolds, which may be due to the improved intracellular electrical signaling among the cells.

The structure of the scaffolds is suitable for bone cell growth. The porosity of \~60% with the pore size of 50--300 μm provides a large surface area for cell growth and sufficient volume for cell mass. The size of the pores and their interconnectivity can facilitate diffusion of nutrients in and metabolic wastes out of the scaffold, which has been shown to increase the metabolic activity of osteoblast cells.[@b43-ijn-9-167]--[@b45-ijn-9-167] The potential for osteoblast ingrowth to the scaffold has been previously shown to cause mechanical bonding between natural bone and the scaffold. This bonding leads to biological fixation of the scaffold in the nonunion part of the fracture and eventual biodegradation and substitution with the host bone.[@b44-ijn-9-167]

It is expected that BaG/Gel/PEDOT:PSS show high bioactivity and bond formation to natural bone. The glassy nature of BaG and its composition are two crucial factors for bioactivity of this material.[@b29-ijn-9-167] According to these factors and the proven glassy nature of the authors' BaG using XRD, the scaffolds should bond to bone and not to soft tissue.[@b29-ijn-9-167] When BaG composites are in contact with body fluid, a layer of hydroxyapatite with incorporated collagen molecules forms on the surface which makes a biological bonding with the natural bone.[@b28-ijn-9-167],[@b29-ijn-9-167],[@b46-ijn-9-167]

The mechanical properties indicate that the BaG/Gel/PEDOT:PSS nanocomposites could possibly resist in vivo mechanical stresses when placed in the body. Based on the obtained results, having PEDOT:PSS in the composition of bone scaffolds can offer significant enhancement in their mechanical properties. This effect is in agreement with the other characterization results such as biodegradation, DSC analysis, and NMR spectra that suggest a more stable structure for the composites containing PEDOT:PSS.

The influence of PEDOT:PSS was very significant in the in vitro enzyme degradation resistance of the scaffolds. The weight loss or degradation rate was defined as a measure to show what percent of the original scaffold materials were left in the bulk of the scaffold after a certain period of time. In these experiments, it was observed that the materials left the scaffold bulk by enzymatic digestion (dissolution to the surrounding solution) or by producing isolated BaG particles in the solution. Based on the authors' observations, isolated particles rarely formed in scaffolds containing PEDOT:PSS, which indicates the coherence and stability of these scaffolds due to the bonds between PEDOT:PSS and polypeptides chains which were also shown in NMR analysis. As can be seen in [Figure 8B](#f8-ijn-9-167){ref-type="fig"}, the scaffolds without PEDOT had a weight loss of 70% after 1 day. These scaffolds were completely collapsed after 10 days. The degradation of 0.1 P and 0.3 P were almost similar. They lost about 10%, 20%, 25%, and 35% of their weight after 10, 20, 40, and 90 days immersion in enzyme solution. This can be an especially promising result for large bone defects in which more time is required for the healing process.

PEDOT presents very low intrinsic cytotoxicity and inflammatory response during in vivo examinations. Enzymatic degradation of PEDOT:PSS is not expected as it does not have bio-origin and its structure is chemically stable.[@b47-ijn-9-167] The residuals of PEDOT:PSS can be collected and disposed of by the human body. Generally, large molecules of water soluble synthetic polymers can remain in tissue and return to the blood stream by lymphatic circulation.[@b48-ijn-9-167] If the molecules are under the glomerular threshold, they will be eliminated by glomerular filtration in the kidneys and will be excreted in the urine. The polymeric chains larger than the renal threshold may be taken by the mononuclear phagocyte system, also known as reticuloendothelial system, as a foreign material.[@b48-ijn-9-167]--[@b50-ijn-9-167] After phagocytosis, the synthetic polymer will be destroyed or sequestered in mononuclear phagocyte system organs. Also the pathway of excreting PEDOT:PSS can be a xenobiotic metabolism in the liver.[@b51-ijn-9-167],[@b52-ijn-9-167] The accumulation of synthetic polymers in mononuclear phagocyte system organs, such as the liver and spleen, can have negative side effects; however, with the small amount of PEDOT:PSS used in the conductive scaffold, this issue may not be a problem.[@b53-ijn-9-167] Inorganic components of BaG, including calcium, phosphorous, and silicon -- which are bioactive minerals that exist in the inorganic structure of natural bone,[@b29-ijn-9-167] are osteoproductive and osteoconductive.

Based on the results in this study, the BaG/Gel/PEDOT:PSS scaffold is physicochemically stable and may mimic the liabilities of spongy bone in the body. It has more appropriate characteristics for cell adhesion and migration compared to the similar scaffolds with no PEDOT:PSS content.

The influence of conductive scaffolds on the cell growth can also be considered as a possible motive on the improvement of the electrical signaling among cells. Based on Nernst's second law, there is a correlation between the membrane voltage of a cell (potential across cell membrane) and the ion flux across the membrane of that cell.[@b54-ijn-9-167] This ion flow is the source of a small current with specific velocity that can adjust the cell membrane voltage.[@b55-ijn-9-167] And in a reciprocal relationship, the induced voltage can regulate the ion flow.[@b55-ijn-9-167],[@b56-ijn-9-167]

An electric field can be formed in a polarized cell membrane, which can influence the voltage and ion flux of the adjacent cells so that cells can act in correlation.[@b55-ijn-9-167]--[@b57-ijn-9-167] The conductivity of the scaffold facilitates such electrical communication among cells. Since ion flux of cells has influence on the general cell performances such as cell attachment, viability, and migration, it is expected that employing conductive scaffolds influences cell response and viability.

It is anticipated that if the conductive scaffold were to be employed for bone healing in actual in vivo experiments by applying electric/magnetic stimuli, it is expected that employing conductive scaffolds influences cell response and viability.

Healing time is a key factor in treating large bone defects. The period of large bone fracture healing can be from several weeks to 2 years.[@b58-ijn-9-167],[@b59-ijn-9-167] When the healing time is extended, there is a risk that the fractures will not join properly (nonunion fractures).[@b58-ijn-9-167],[@b59-ijn-9-167] Due to the high demand for decreasing the duration of fracture healing and enhancing the quality of bone healing and fracture fusions, several strategies have been developed including employing electromagnetic stimuli.[@b58-ijn-9-167],[@b61-ijn-9-167] For this purpose, the scaffolds are required to be conductive to locally deliver the electromagnetic stimuli to the site of the injury. Although the electromagnetic stimuli was not used in this paper, it is an important subject for the authors' future studies (both in vitro and in vivo) and it is hypothesized that this technique may make the tissue engineering methods applicable for large bone defects.

Conclusion
==========

Electrically conductive bioceramic scaffolds were synthesized by combination conductive PEDOT:PSS, Gel, and BaG aiming to combine application of electrical stimuli and 3D bone scaffolding for the enhancement of the bone healing process. Material characterizations indicated that PEDOT:PSS and polypeptide chains can form salt bridges between arginine side chains and sulfonate groups, which may be responsible for the improved stability of the scaffolds. This stability enhanced mechanical properties and in vitro enzyme degradation resistance, providing an appropriate degradation rate for bone healing. Cell culture results indicate that this nanocomposite scaffold is biocompatible and can support hMSC growth. The cell viability increased by increasing the amount of CP in the scaffold composition. Application of electrical stimuli to study the influence of the scaffolds' conductivity in bone healing is targeted for future works.
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![Schematic diagram of the preparation of three-dimensional scaffolds with the freeze-drying method.\
**Notes:** 0 P, 0.1 P, and 0.3 P represent the scaffolds prepared from 0%, 0.1%, and 0.3% (w/w) poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate) in the mixture of 10% (w/v) gelatin and 30% (w/v) bioactive glass nanoparticles.\
**Abbreviations:** 3D, three dimensional; BaG, bioactive glass nanoparticles; EDC, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride; Gel, gelatin; NHS, N-hydroxysuccinimide; PEDOT:PSS, poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate).](ijn-9-167Fig1){#f1-ijn-9-167}

![(**A**) Chemical structure of poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate). (**B**) The Fourier transform infrared spectroscopy spectra of noncrosslinked gelatin, 0 P, and 0.3 P scaffolds. More intense peaks of amide bonds in the gelatin spectra can be related to crosslinking of carboxyl and amine groups. The presence of bioactive glass nanoparticles is indicated by the silicon peaks.\
**Notes:** 0 P and 0.3 P represent the scaffolds prepared from 0% and 0.3% (w/w) poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate) in the mixture of 10% (w/v) gelatin and 30% (w/v) bioactive glass nanoparticles.](ijn-9-167Fig2){#f2-ijn-9-167}

![^1^H high-resolution magic angle spinning nuclear magnetic resonance spectra of 0 P (blue) and 0.3 P (red) scaffolds soaked in heavy water (D~2~O). Peak assignments for gelatin follow Rose and Gross.^62^ Silicone resonance is due to disc and O-rings in the magic angle spinning rotor. Gelatin resonances have lower amplitude for the 0.3 P scaffold compared to the 0 P scaffold. The peak height of arginine δ significantly decreased with the addition of poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate), suggesting that poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate) molecules are in close interaction with arginine side chains of gelatin.\
**Notes:** 0 P and 0.3 P represent the scaffolds prepared from 0% and 0.3% (w/w) poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate) in the mixture of 10% (w/v) gelatin and 30% (w/v) bioactive glass nanoparticles.](ijn-9-167Fig3){#f3-ijn-9-167}

![The X-ray diffraction pattern of the 0.3 P scaffold. No diffraction peak in the spectra indicates an amorphous structure of bioactive glass nanoparticles in the composition.\
**Notes:** 0.3 P represents the scaffolds prepared from 0.3% (w/w) poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate) in the mixture of 10% (w/v) gelatin and 30% (w/v) bioactive glass nanoparticles.](ijn-9-167Fig4){#f4-ijn-9-167}

![Scanning electron micrograph of the (**A**) 0 P, (**B**) 0.1 P, and (**C**) 0.3 P scaffolds, and the (**D**) 0.3 P scaffold at high magnification. (**E**) Micro-computed tomography image of the 0.3 P scaffold and (**F**) overall view of the scaffolds. The interconnected network of spherical pores with an average size of 100--200 μm provides a good environment for cell migration and facilitates the diffusion of nutrients.\
**Notes:** 0 P, 0.1 P, and 0.3 P represent the scaffolds prepared from 0%, 0.1%, and 0.3% (w/w) poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate) in the mixture of 10% (w/v) gelatin and 30% (w/v) bioactive glass nanoparticles.](ijn-9-167Fig5){#f5-ijn-9-167}

![(**A**) Cytoplasmic content of human mesenchymal stem cells on the 0 P, 0.1 P, and 0.3 P scaffolds in comparison to tissue culture plastic (control sample) shows that the number of viable cells increases by increasing the poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate) concentration in the composition of scaffolds. The values are mean ± standard deviation (number of samples =3). (**B**) Scanning electron microscopy and (**C**) confocal fluorescent microscopy images of a cell on the 0.3 P scaffold. (**D**) Scanning electron microscopy and (**E**) confocal fluorescent image of cell distribution on the 0.3 P scaffold. Enhanced cell attachment is observed for the conductive scaffolds.\
**Notes:** 0 P, 0.1 P, and 0.3 P represent the scaffolds prepared from 0%, 0.1%, and 0.3% (w/w) poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate) in the mixture of 10% (w/v) gelatin and 30% (w/v) bioactive glass nanoparticles.\
**Abbreviation:** con, control.](ijn-9-167Fig6){#f6-ijn-9-167}

![(**A**) Thermal gravimetric analysis and (**B**) differential scanning calorimetry curves of the 0 P and 0.3 P scaffolds. Four thermal stages can be observed in the differential scanning calorimetry plot (water loss, decomposition, pyrolysis, and oxidative degradation). The location of the peaks shows a slight shift to the right for the 0.3 P scaffold.\
**Notes:** 0 P and 0.3 P represent the scaffolds prepared from 0% and 0.3% (w/w) poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate) in the mixture of 10% (w/v) gelatin and 30% (w/v) bioactive glass nanoparticles.](ijn-9-167Fig7){#f7-ijn-9-167}

![(**A**) Swelling and (**B**) in vitro enzyme degradation analysis of the 0 P, 0.1 P, and 0.3 P scaffolds. Although the presence of poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate) did not change the swelling behavior significantly, it dramatically influenced the biodegradation resistance of scaffolds.\
**Notes:** 0 P, 0.1 P, and 0.3 P represent the scaffolds prepared from 0%, 0.1%, and 0.3% (w/w) poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate) in the mixture of 10% (w/v) gelatin and 30% (w/v) bioactive glass nanoparticles.](ijn-9-167Fig8){#f8-ijn-9-167}

![The electrical conductivity of scaffolds is increased by the addition of poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate). A 70% increase in conductivity was measured in scaffolds with 0.3% poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate).\
**Notes:** 0 P, 0.1 P, and 0.3 P represent the scaffolds prepared from 0%, 0.1%, and 0.3% (w/w) poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate) in the mixture of 10% (w/v) gelatin and 30% (w/v) bioactive glass nanoparticles.](ijn-9-167Fig9){#f9-ijn-9-167}

###### 

Concentration of poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate), gelatin, and bioactive glass nanoparticles in the aqueous solution

  Scaffold   PEDOT:PSS (w/w), %   Gelatin (w/v), %   Bioactive glass (w/v), %
  ---------- -------------------- ------------------ --------------------------
  0 P        0                    10                 30
  0.1 P      0.1                  10                 30
  0.3 P      0.3                  10                 30

**Notes:** 0 P, 0.1 P, and 0.3 P represent the scaffolds prepared from 0%, 0.1%, and 0.3% (w/w) poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate) in the mixture of 10% (w/v) gelatin and 30% (w/v) bioactive glass nanoparticles.

###### 

Porosity and pore size analysis for different concentrations of poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate) in bioactive glass nanoparticles/gelatin poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate) composite scaffolds

  Scaffold   Porosity, volume %   Pore size (average), μm
  ---------- -------------------- -------------------------
  0 P        60±5                 110--280 (200)
  0.1 P      62±6                 70--150 (110)
  0.3 P      63±5                 50--250 (160)

**Notes:** 0 P, 0.1 P, and 0.3 P represent the scaffolds prepared from 0%, 0.1%, and 0.3% (w/w) poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate) in the mixture of 10% (w/v) gelatin and 30% (w/v) bioactive glass nanoparticles.

###### 

Mechanical properties of conductive nanocomposites in comparison with spongy bone

  Scaffold      Secant modulus (E), MPa   Density (ρ), g/cm^3^   (E/ρ)
  ------------- ------------------------- ---------------------- -------
  Spongy bone   12--500                   0.14--1.2              500
  0 P           13±2                      0.415±0.070            31
  0.1 P         22±1                      0.388±0.056            56
  0.3 P         35±1                      0.367±0.010            95

**Notes:** Poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate) improves the secant modulus of bioactive glass nanoparticles/gelatin scaffold to the range of spongy bone. 0 P, 0.1 P, and 0.3 P represent the scaffolds prepared from 0%, 0.1%, and 0.3% (w/w) poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate) in the mixture of 10% (w/v) gelatin and 30% (w/v) bioactive glass nanoparticles.
